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Abstract 
Tropical cyclone forecast improvements in the western 
North Pacific are examined in terms of Department of 
Defense decision making (evacuation, sortie, prepared-
ness, etc.). The improved decisions are then related 
directly to Department of Defense potential cost saving. 
1. Introduction 
One of the more difficult problems a military commander 
faces in the western North Pacific region is the question 
of whether or not to evacuate or sortie from a base or 
port due to an approaching tropical cyclone. When the 
commander finds himself in a situation where a storm 
suddenly appears 2000 km away and then the storm 
rapidly becomes 1200 km and then 800 km away, he has 
to make a decision whether to evacuate/sortie or to re-
main in base or port. This decision depends on a 
number of factors including the environmental aspects, 
the inherent safety and facilities of the base or harbor, 
and the types and numbers of the aircraft or ships in-
volved. Because of the number of tropical cyclones 
traversing the western North Pacific each year (approxi-
mately 35), and the large number of ports and bases 
or installations used directly and indirectly by the U.S. 
military which may be in the paths of these tropical 
cyclones, such decisions, whether right or wrong, are 
made frequently. 
In a typical year, there are approximately 150 days 
in which thC';re are one or more tropical cyclone warnings 
issued by the Joint Typhoon Warning Center, Guam, 
for the western North Pacific area. In addition, there are 
over 50 days in which two or more storms are present 
at the same time. As an example of an extreme case, 
Fig. I shows the surface synoptic map for the western 
North Pacific for 1200 GMT, 22 August 1960. The map 
shows five named tropical cyclones present at one 
time. 
The economic impact of decision making is related to 
the forecast track of the tropical cyclone as well as 
the forecast error associated with the storm track. In this 
study, an attempt has been made to examine this error 
and discuss what improvements in forecast precision 
would mean in terms of decision making. 
This study deals mainly with the U.S. Navy program 
in the western North Pacific region; but other DOD 
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FIG. I. Surface synoptic map for 1200 GMT, 22 August 1960 
[taken from cover of the 1960 Annual Typhoon Report (U.S. 
FWC/JTWC, 1960)]. · 
installations will also be discussed. It should be empha-
sized that decision lead times for ships are, of course, 
much longer than for aircraft evacuation or base pre-
paredness. Ships have to get underway well before winds 
and seas start to affect significantly their ability to 
maneuver clear of a harbor and therefore their speed-of-
advance. Since decision errors are a function of fore-
cast errors which increase as a function of time from the 
initial warning, a larger number of incorrect decisions 
could be expected for ships than for aircraft evacuation 
or base closures. 
2. Cost of typhoon preparedness, evacuation, 
and sortie 
Approximately 50 ports, used by the U.S. Navy or 
contracted DOD vessels in the western North Pacific 
area, are liable to be affected by tropical cyclones. In 
addition, approximately IO major Air Force bases and 
numerous other Army, Navy, and Marine Corps in-
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stallations are located in the possible paths of these 
storms. 
When a tropical cyclone develops and proceeds on a 
typical path in the western North Pacific, it can, on 
the average, critically affect several of these ports, bases, 
or installations. This will be discussed in further detail 
in the next section. The costs concerning the decision to 
prepare and evacuate due to this threatening condition 
are examined now in general terms. 
The problem is much more complicated than simply 
analyzing the cost of preparation and evacuation or 
sortie. It includes such factors as estimated damage 
costs, lost time and recovery time, and fuel availability. 
There are also intangible factors such as crew morale if 
a ship has to sail from a port soon after entering, fol-
lowing a long tour at sea. Additionally, there are the 
strategic disadvantages brought about by evacuation, 
sortie, evasion, or base closures and the resulting inabil-
ity to support or complete a required mission. These 
factors are difficult to measure. 
Malone and Leimer (1971) examined 22 Department 
of Defense hurricane-affecting bases and installations in 
the western North Atlantic area to determine the sav-
ings to DOD if hurricane forecasts were improved. In 
terms of an individual base or installation they showed 
that the average hurricane preparedness and evacuation 
costs (including direct out-of-pocket costs, costs of man-
power diverted from normal activities to storm prepara-
tions, and costs of manpower idled by cessation of nor-
mal activities) for each of the 22 western North Atlantic 
bases and installations were: 
$8100 if the tropical cyclone was forecast to result 
in 25.7 m s-1 winds at the base or installation in 48 
to 72 h; 
$45 000 if the tropical cyclone was forecast to result 
in 25.7 m s-1 winds at the base or installation in 24 h; 
and 
$124 000 if the tropical cyclone was forecast to 
result in 25.7 m s-1 winds at the base or installation 
in 12 h. 
By examining the number of unnecessary warnings 
issued for these bases and installations (based on 25.7 
m s-1 wind criteria warnings) and relating this to the 
cost of the warnings for each of the bases and installa-
tions, Malone and Leimer concluded that the annual 
savings to DOD for all western North Atlantic bases and 
installations would be $1.7 million if there was a 203 
improvement in tropical cyclone forecasting. A 403 im-
provement was found to be equal to $3.2 million saved 
annually.1 
In the western North Pacific area there are fewer U.S. 
military bases and installations than in the Atlantic, 
1 Since 1971 there have been a number of bases or installa-
itons closed in the western North Atlantic region, but this 
would be partially balanced by the present day higher costs. 
Also Malone and Leimer (1971) did not include evacuation 
costs of ships in port or evasion costs at sea. 
but the costs of preparation and evacuation or sortie 
for an individual base and installation can be sig· 
nificantly more when considered on an annual basis. 
This is due essentially to the greater average number of 
western North Pacific tropical cyclones compared to 
Atlantic tropical cyclones (35 versus 10 per year) and to 
the fact that evacuation of aircraft, for example, in the 
Pacific means traveling over a vast distance to a safe base 
or installation. Evacuation of aircraft from Guam, Oki-
nawa, the Philippines, Japan, or Taiwan can cost nearly 
twice as much (based on past experience-approximately 
$300 000 per evacuation) compared to the cost of evacua-
tion from Atlantic or Gulf Coast bases.2 
Naval vessels or contracted DOD vessels operating or 
traversing the western North Pacific area do not, of 
course, have the flexibility that aircraft have under 
threatening conditions and will, therefore, evade or sortie 
quite often well in advance of typhoon conditions. 
Typhoon evasion at sea can be disruptive in terms of 
ship routing or in operations. The sea conditions as-
sociated with a typical recurving typhoon in the path 
of a ship crossing the Pacific are shown in Fig. 2. The 
greatest cost arises when the ship has to evacuate or 
sortie from a harbor which is not designated as a safe 
"typhoon haven." a This problem is schematically illus-
FIG. 2. Schematic example of the ship-routing problem en-
countered by ships traversing the western North Pacific 
during the typhoon season. This example shows representa-
tive sea-height values about a typical recurving typhoon. 
Note that sea conditions associated with the storm can cover 
a much larger area than the wind associated with the storm. 
2 It should be noted that the cost of jet aircraft fuel went 
from $6.80 a barrel to $11.21 a barrel between I July 1973 
and 1 February 1974. Evacuation costs for the 1974 typhoon 
season and future typhoon seasons would have to take this 
increase (and further fluctuations) into consideration. 
a The Environmental Prediction Research Facility is pres-
ently evaluating 20 western North Pacific and Indian Ocean 
ports as typhoon havens. See for example, Mautner and 
Brand, 1973 (Hong Kong) and Brown, 1974 (Kaohsiung and 
Chilung, Taiwan). 
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FIG. 3. Schematic illustration describing the objective of the Environmental Prediction Re-
search Facility typhoon haven research study. The insert shows the USS Regulus aground in 
Hong Kong harbor after the passage of Typhoon Rose (August 1971). Several of the ports 
that are presently being evaluated are shown as black dots. 
trated in Fig. 3, which summarizes the objective of the 
EPRF typhoon haven research study. The insert of this 
figure shows the USS Regulus aground in Hong Kong 
harbor after a wrong decision concerning Typhoon Rose 
(August 1971) was made. This error cost the U.S. Navy 
approximately $8-10 million. 
On any particular day there are well over 50 Naval 
vessels, and approximately 50 chartered or contracted 
DOD vessels, traversing, operating, or in port in the 
western North Pacific region. Usually over half of these 
will be in port. Under threatening conditions, the sortie 
and return-to-port costs for these ships can be attributed 
to the following: a) fuel consumption; b) pilot and tug 
fees; c) boat transportation to ship; d) getting ship ready 
to get underway; and e) for contracted DOD vessels, 
the daily rate plus overtime costs to personnel. These 
costs vary greatly depending on the size and type of 
ship, the port and available faciliti es, and the environ-
mental conditions involved. 
During sortie conditions, present day fuel costs can 
range, on the average, from $1500 per day for small 
ships (destroyers, etc.) to $5000 per day for medium size 
ships (amphibious or supply type) and to $30 000 per 
day for large ships (carriers). 
Pilot and tug fees vary greatly for western North 
Pacific ports, but can range from a few hundred dollars 
for small ships to over $5000 (the cost for leaving and 
returning) for carriers for certain ports. 
Under threatening conditions costs of boat transporta-
tion to ships vary from less than a hundred dollars 
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(small ships) to thousands of dollars for a carrier in 
certain ports. 
The costs to "light off" the boilers and make ready for 
getting underway can range from hundreds of dollars to 
thousands of dollars for large ships. 
For the nearly 50 chartered or contracted DOD vessels 
to be found in the western North Pacific on a typical 
day (of which approximately one half would be in port), 
the evacuation and evasion cost to DOD is very high. 
These ships, on the average, receive a daily rate of 
$8000-10 000 to meet all expenses including fuel. If 
these ships have to sortie from port, DOD pays for each 
day during the period of evacuation plus overtime 
wages to the personnel. For those contracted or chartered 
vessels at sea traversing the western North Pacific area, 
the DOD cost of typhoon evasion or delays in ship 
routing is $8000-10 000 per day for each day of lost 
time from their destination. 
It is apparent that the annual cost for typhoon evasion 
and sortie in the western North Pacific for Naval vessels 
and contracted and chartered DOD vessels can reach 
into the millions of dollars. 
Thus far the emphasis here has been on ship sortie 
or evasion costs, but it should also be kept in mind that, 
under threa tening conditions, preparedness and evacua-
tions can cost DOD millions of dollars at the many mili-
tary installations located in the western North Pacific. 
These include: Army depots, forts, fields and arsenals; 
naval air stations, bases and training centers; Air Force 
bases; and Marine Corps bases and air stations. As indi-
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cated earlier, the costs for this type of preparation and 
evacuation are extremely high. The question then arises: 
How much of the total costs in the western North 
Pacific could be saved each year by making better de-
cisions in terms of forecast improvements? This question 
is discussed in the next section. 
3. Cost effectiveness of typhoon forecast 
improvements 
Decision making for evacuation, sortie, or preparedness 
at any level is heavily based on the forecast track of the 
storm in question. Additionally, decisions by com-
manders also depend on the confidence associated with 
storm forecasting. This section examines the movement 
forecast errors associated with storms in terms of right-
angle forecast error; that is, the forecast error to the 
right or left of the best track. 4 (see Fig. 4.) 
This right-angle forecast error differs from the vector 
error in that it depicts the error from the actual track. 
For 48 h, for example, the average right-angle forecast 
error in the western North Pacific is approximately 
269 km as compared to 452 km for the average 48 h 
vector error. 
As a storm approaches a base or port, this right-angle 
forecast error becomes quite important because it is 
related to the forecast Closest Point of Approach (CPA) 
of the tropical cyclone. It is this forecast CPA which is 
important in decision making for bases and ports be-
cause the CPA values relative to these installations are 
associated with the critical wind speeds they will experi-
ence. If the commander could be assured of an accurate 
forecast of this critical wind speed, he could then make 
the correct decision for his installation. 
As an example, consider the case history of storms at 
Okinawa (26.5°N, 128.0°E). It was first necessary to de-
termine how many tropical cyclones passed near or had 
their CPA close to the island. In order to do this, the 
tracks of all tropical cyclones between 1947 and 1970 
were examined and the CPA for each track was plotted 
relative to Okinawa for all CPA values within 1112 km 
(see Fig. 5a). A total of 339 tropical cyclones passed 
within 1112 km of Okinawa in this 24-year period. A plot 
was also made of the number of CPA values as a function 
of incremental radial distances out from Okinawa (0-111 
••---- 48·HOUR FORECAST POSITION 
I+---- 48-HOUR RIGHT-ANGLE FORECAST ERROR 
,. __________________ ,.INITIAL 
BEST TRACK POSITION 
FIG. 4. Schematic presentation of 48 h, right-angle 
forecast error. 
•A post-analysis track incorporating all available infor-
mation. 
km, 111-222 km, etc.). This can be seen in Fig. 5b. For 
example, 34 tropical cyclones passed Okinawa with their 
CPA between 556 km and 667 km. 
To examine the cost effectiveness of 48 h typhoon fore-
cast improvements, certain assumptions were made in 
the following idealized depiction. These are: 
1) The western North Pacific right-angle forecast error 
for 48 h is approximately 269 km. 
2) The distance from the storm center for a typical 
typhoon to the 15.4 m s·1 isotach (wind) is about 371 km. 
A criterion of a 15.4 m s·1 wind speed was set for 
evacuation or sortie and an examination was made as to 
what a 203 improvement in 48 h forecast error would 
mean in terms of decision making for Okinawa. Based 
on the above assumptions, if a storm is approximately 
•• 111 
OKINAWA (b) 
120 180 240 JOO JtiO 420 480 540 HO n m 
222 334 445 556 667 778 890 1001 1112 km 
RADIAL DISTANCE FROM OKINAWA OF TliE Q.OSEST POINT OF ApPffOl.CH 
FIG. 5. The Closest Point of Approach (CPA) for each 
tropical cyclone (1947-70) within 1112 km of Okinawa (26.5°N, 
128.0°E) is shown in (a) (plotted as a dot). A total of 339 
tropical cyclones passed within 1112 km of Okinawa in this 
24-year period. (b) shows the number of tropical cyclones as 
a function of their CPA values at incremental radial distances 
from Okinawa. The radial distances are given in increments 
of 111.2 km. For example, 34 tropical cyclones passed Okinawa 
with their CPA between 556 km and 667 km. 
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TIE COST EFFECTIVENESS OF TYPHOON FORECAST IMPROVEMENTS 
CRITERION FOR EVACUATION OR SORTIE 
WINDS FORECAST TO BE i'15.4M·S-1 (30kt) 
AVERAGE DISTANCE 
TD J5,4M•S"1 (30-KT) 
WIND 
371 km 





( 48 HR) 
269 km 
(145 n mi) 
DECISION: 
EVACUATE OR SORTIE 
COST: S100K 
(a) 
A 20'16 IMPROVEMENT IN 48-HR 
RIGHT-ANGLE FORECAST ERROR 
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I t./'.o & AYE RAGE ... ~ AVERAGE DISTANCE I RIGHT-ANGLE 
:~ N~ s, 4M. s·• < 30 -KT TRE~:~T H~7R~DR 




EVACUATE OR SORTIE 
NO COST 
SAVING OF $100K 
(b) 
Fie. 6. Schematic illustration of the cost effectiveness of a 203 improvement in 48 h 
right-angle typhoon forecast error. 
2 days from Okinawa and if Okinawa falls within 371 
km (distance to 15.4 m s-1 wind) plus 269 km (average 
48 h right-angle forecast error) from its predicted track, 
then the decision would be for evacuation or sortie. 
Figure 6a presents a schematic example of this in which 
the forecast track of a tropical cyclone shows the storm 
will pass with a CPA reiative to Okinawa (in approxi-
mately 48 h) of 612 km. The decision for this example is, 
then, to evacuate or sortie and the DOD cost for this 
example is arbitrarily set at $100 000. 
If there was a 203 improvement in the 48 h, right-
angle forecast error (269 km reduced. to 215 km) then 
Okinawa falls outside this critical value (see Fig. 6b) 
and the decision is for no evacuation or sortie. The cost 
savings to DOD would then be $100 000. 
J<'or this idealized example, we can then examine how 
many tropical cyclones per year would fall in this 
range of 586 km (371 + 215) to 640 km (371+269). Since 
34 tropical cyclones (1947-1970) had their CPA relative 
to Okinawa between 556-667 km, then approximately 17 
tropical cyclones fall in the range from 586-640 km. 
Seventeen tropical cyclones in 24 years is equivalent to 
0.71 tropical cyclones per year passing with their CPA 
to Okinawa in this "critical" range. This same type of 
approach can be used for other western North Pacific 
ports/bases (see Figs. 7-13). Because of protective or 
dissipative land effects, the 1112 km radial circle is not 
used for all the situations. For example, Fig. 7 for Hong 
Kong shows only those CPA values for tropical cyclones 
in the semicircle to the south and east relative to 
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Hong Kong. It is tropical cyclones in this region which 
cause the severe winds at Hong Kong.s 
Table I summarizes these "critical" range values for 
decision making, at the criterion level of 15.4 m s-1 
winds, for the selected ports/bases shown in Figs. 5 and 
7-13. 
In the idealized model (schematically shown by Fig. 6) 
each tropical cyclone falling in the critical range repre-
TABLE 1. The number of tropical cyclones per year falling in the 
586-640 km "critical" range for several western North Pacific 
ports/bases. The range is based on a 20% improvement in the 




Manila Bay/Subic Bay, 
Philippines 
Kaohsiung, Taiwan 
Chilung (Keelung), Taiwan 
Sasebo, Japan 
Y okosuka/Y okohama, Japan 
Guam, Mariana Islands 
Number of tropical cyclones per 










5 See ENVPREDRSCHFAC Technical Paper No. 9-73, "An 
evaluation of Hong Kong Harbor as a typhoon haven" 
(Mautner and Brand, 1973), for a detailed discussion on the 
effects of tropical cyclones on the harbor. 
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• a 
!HONG KONG! ( b) 
•• 111 
120 1110 240 300 360 UO 410 540 600 n mi 
222 334 445 556 667 771 190 1001 1112 km 
RADIAL 01STANC& FROM HONG KONG IY THE ClOSEST POINT Of "PPROACH 
FIG. 7. The Closest Point of Approach (CPA) for each 
tropical cyclone (I 947-70) passing within the given 1112 km 
~emicircle _to the southeast of Hong Kong (22.3°N, 114.2°E) 
is shown m (a) (plotted as a dot). A total of 348 tropical 
cyclones passed within 1112 km of Hong Kong for this semi-
circle in this 24-year period. (b) shows the number of tropical 
cyclones as a function of their CPA values at incremental 
radial distances from Hong Kong for this semicircle. The 
radial distances are given in increments of 111.2 km. For 
example, 30 tropical cyclones passed Hong Kong with their 
CPA (ESE semicircle) between 556 km and 667 km. 
scnts a decision which could have been different had the 
forecast error been improved by 20%. The total number 
of tropical cyclones in Table l represents 5.85 "incorrect" 
decisions for the 8 ports/bases considered. These in-
correct decisions then could be related to potential cost 
saving. If each incorrect decision means an average 
cost liability of $50 000, then the annual savings would 
be $292 500 per year for this sample.a Note that this is 
only a small sample of the total number of bases, in-
stallations, and ports used by the U.S. military in the 
western North Pacific. It is apparent that even if con-
6 Some of these ports/bases are considered sheltered from 
the effects of tropical cyclones and thus the cost would be 
less than this average value and be in the form of prepared-
ness and diverted and idled manpower. Above average costs 
could be expected for some of the others where evacuation 
and sortie become a necessity under the threatening con-
ditions. 
1011------
I SUBIC BAY/ MANILA BAY, P.1.1 
( b) 
360 420 410 540 600 n ml 
667 771 190 1001 1t12 km 
RADIAL DISTANCE. fROM ')LIBIC BAl'IMANILA l:IAY, P.1. Of THE CLOSEST POINT OF APPnnAGH 
FIG. 8. The Closest Point of Approach (CPA) for each 
tropical cyclone (1947-70) passing within 1112 km of Subic 
Bay/Manila Bay, Philippines (14.7°N, 120.6°E) is shown in 
(a) (plotted as a dot). A total of 439 tropical cyclones passed 
within 1112 km of Subic Bay/Manila Bay in this 24-year 
period. (b) shows the number of tropical cyclones as a 
function of their CPA values at incremental radial distances 
from Subic Bay/Manila Bay. The radial distances are given 
in increments of 111.2 km. For example, 54 tropical cyclones 
passed Subic Bay/Manila Bay with their CPA between 556 
km and 667 km. 
servativc cost estimates of incorrect decision making 
at all levels from early preparation to mass evacuation 
or sortie are used, the cost can run into millions of dol-
lars per year. It is this cost which could be reduced 
by DOD, if average forecast errors are reduced by 203. 
4. Additional considerations 
The ideas presented here are, of course, idealized and a 
number of additional factors should be considered in the 
cost analysis of typhoon forecast improvements in the 
western North Pacific. These are: 
1) The topography in the vicinity of each port, base, 
or installation affects the 15.4 m s·1 wind criterion. The 
371 km value to the 15.4 m s·1 isotach as used earlier is 
an approximate value based on the typical wind dis-
tribution about typhoons. The low-lying terrain of 
Okinawa, for example, does not present a significant 
influence in diminishing this wind, but many ports, 
bases, and installations are significantly sheltered. Thus, 
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a stronger gradient wind (that is, the storm will have 
to be closer) is necessary to achieve the 15.4 m s-1 cri-
terion. In certain situations topography can enhance 
the local winds by causing funneling effects. The topo-
graphical influence is presently being examined for a 
number of western North Pacific ports in the EPRF 
typhoon haven evaluation. In addition, the direction of 
the wind is important since aircraft are sensitive to cross-
wind components during takeoff and landing. 
2) Decision making at a higher confidence level other 
than 503. The decision arguments presented previously 
were based on average values (approximately the 503 
level of confidence). Usually, a commander does not want 
to base his decision on the average because the damage 
due to an incorrect decision is for the most part many 
times that of the cost of preparedness, evacuation, or 
60 120 1110 240 300 360 420 410 540 600 n ml 
111 222 334 445 556 667 771 190 1001 1112 km 
RADIAL DISTANCE FROM KAOHSIUNG, TAIWAN OF TI-4E CLOSEST POINT OF APPROACH 
FIG. 9. The Closest Point of Approach (CPA) for each 
tropical cyclone (1947-70) passing within 1112 km of 
Kaohsiung, Taiwan (22.6°N, 120.3°E) is shown in (a) (plotted 
as a dot). A total of 418 tropical cyclones passed within 1112 
km of Kaohsiung in this 24-year period. (b) shows the 
number of tropical cyclones as a function of their CPA 
values at incremental radial distances from Kaohsiung. The 
radial distances are given in increments of 111.2 km. For 
example, 43 tropical cyclones passed Kaohsiung with their 
CPA between 556 km and 667 km. 
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sortie. Therefore, he would like to be confident per-
haps to the 70, 80, or 903 level. If one or two standard 
deviations could be added to the mean values of fore-
cast error, the confidence could be increased to higher 
levels. 
3) The distance to the radius of the 15.4 m s-1 wind is 
a variable for every tropical cyclone and is also a difficult 
parameter to forecast. Additionally, the track of the 
tropical cyclone relative to the port or base would de-
termine whether the port or base was in the left or right 
semicircle relative to the storm. Winds are generally 
stronger in the right semicircle. Also, some installa-
tions are located in developing storm regions and thus 
the 15.4 m s-1 isotach would be less than 371 km from 
the tropical cyclone, since the storm would, in general, 
be of less than typhoon intensity. 







10 120 110 240 300 360 420 480 540 100 n ml 
111 222 334 445 556 667 771 190 1001 1112 km 
RADIAL DISTANCE FROM CHLUNG, TAIWAN Of THE CLOSEST POINT Of APPROACH 
FIG. 10. The Closest Point of Approach (CPA) for each 
tropical cyclone (1947-70) passing within 1112 km of Chilung 
(Keelung), Taiwan (25.1°N, 121.7°E) is shown in (a) (plotted 
as a dot). A total of 369 tropical cyclones passed within 1112 
km of Chilung in this 24-year period. (b) shows the number 
of tropical cyclones as a function of their CPA values at in-
cremental radial distances from Chilung. The radial dis-
tances are given in increments of 111.2 km. For example, 42 
tropical cyclones passed Chiluug with their CPA between 5.56 
km and 667 km. 
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120 110 240 300 310 420 410 540 IOO n m 
222 3:M 445 558 167 771 no 1001 1112 km 
RADIAL DISTANCE FROM SASEBQ, JAPAN OF TH; Ct.OSEST PONT OF A.PPROACH 
FIG. 11. The Closest Point of Approach (CPA) for each 
tropical cyclone (194 7-70) passing within the given 1112 km 
semicircle to the southwest of Sasebo, Japan (33.l 0 N, 129.7°E) 
is shown in (a) (plotted as a dot). A total of 213 tropical 
cyclones passed within 1112 km of Sasebo for this semicircle 
in this 24-year period. (b) shows the number of tropical cy-
clones as a function of their CPA values at incremental 
radial distances from Sasebo for this semicircle. The radial 
distances are given in increments of 111.2 km. For example, 
23 tropical cyclones passed Sasebo with their CPA (SW 
semicircle) between 556 km and 667 km. 
4) Decision making at a wind criterion other than 15.4 
m s-1• The decision arguments presented previously are 
for the 15.4 m s-1 isotach, but can be set at other wind 
levels such as 25.7 m s-'. The average distance to the 
25.7 m s-1 isotach for typhoons is approximately 185 km, 
and this could be used instead of the 371 km value (15.4 
m s-1 isotach) discussed above. Note that the CPA values 
discussed previously were for tropical cyclones of all 
intensities, and some, of course, had a maximum wind 
less than 25.7 m s-• at the time of CPA. Nevertheless, 
tropical cyclones can intensify quite rapidly. Jn the west· 
ern North Pacific they can be expected, on the average, 
2o•'---:1::'.30~•---...J...---,,.,,,l,-,D0,...---...J...---,..J5L.,.0.,..0 _.....J 
&Dr----------------------. 




&O 120 180 240 300 310 420 410 540 100 n ml 
111 222 334 445 551 617 771 llD 1001 1112 km 
RADIAL DISTANCE FROM YOKOSUK,t.IYOKOHAMA. JAPAN OF THE ClOSEST POINT Of' 
APPROACt-1 
F1G. 12. The Closest Point of Approach (CPA) for each 
tropical cyclone (1947-70) passing within the given 1112 km 
semicircle to the southeast of Yokosuka/Yokohama, Japan 
(35.4°N, 139.6°E) is shown in (a) (plotted as a dot). A total 
of 215 tropical cyclones passed within 1112 km of Yokosuka/ 
Yokohama for this semicircle in this 24-year period. (b) shows 
the number of tropical cyclones as a function of their CPA 
values at incremental radial distances from Yokosuka/Yoko-
hama for this semicircle. The radial distances are given in 
increments of 111.2 km. For example, 22 tropical cyclones 
passed Yokosuka/Yokohama with their CPA (ESE semi-
circle) between 556 km and 667 km. 
to increase in maximum wind at a rate of approximately 
16 m s-'/24 h at some stage in their life cycle. In fact, 
approximately 173 of western North Pacific tropical cy-
clones can be expected to increase at a rate of 25.7 m s-1/ 
24 h at some stage in their life cycle (Brand, 1973). 
5) The number of tropical cyclones per year passing at 
"critical" range values (function of the forecast error 
improvement) relative to each base, installation, or port is 
a variable. This can vary greatly depending on the loca-
tion with respect to tropical cyclone activity. In addition, 
the annual cost of this variable is different for each 
base, installation, or port. 
6) The CPA estimate at 48 h from warning time is only 
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Fie, 13, The Closest Point of Approach (CPA) for each 
tropical cyclone (1947-70) passing within 1112 km of Guam 
(13.5°N, 144.8°E) is shown in (a) (plotted as a dot). A total 
of '.l25 tropical cyclones passed within 1112 km of Guam in 
this 24-year period. (b) shows the number of tropical cyclones 
as a function of their CPA values at incremental radial 
distances from Guam. The radial distances are given in 
increments of 111.2 km. For example, 33 tropical cyclones 
passed Guam with their CPA between 556 km and 667 km. 
cast error varies as a function of time from the initial 
warning (130 km for 24 h, 269 km for 48 h and 398 km 
for 72 h). Variations in this error could occur depending 
on the time of the CPA, 
7) The time of the CPA does not necessarily indicate 
the time the installation will receive the highest winds. 
8) The arguments presented have been oriented toward 
a "go" or "no go" decision. In actuality, decision analysis 
has to include the various levels of preparedness and 
evacuation as related to the increase in threat. Appleman 
(1962) examined the probability of critical wind speeds 
affecting air bases during the passage of tropical cyclones 
based on climatological mean forecast errors for the At-
lantic and Pacific. This type of approach would be ex-
tremely beneficial in decision analyses at all levels if 
360 
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oriented toward the individual tropical cyclone being 
forecast, and toward the threatened installation or port 
of interest. 
9) In addition, typhoon forecast error improvements 
will lead to improvements in ship routing procedures 
and ship deployment in the western North Pacific. Since 
ship routing may at times require synoptic information 
for more than 3 days (present day warnings extend to 
72 h), research in the area of longer range typhoon fore-
casting would thus be beneficial. Both short and long 
range typhoon forecast improvements would aid in ship 
operating and evasion decisions. 
Thus far the emphasis here has been on DOD benefits 
from improved forecasting of tropical cyclones, but it 
should also be mentioned that there are millions of 
dollars lost each year by civilian populaces and countries 
which could be saved by improvements in forecasting of 
tropical cyclones, Sugg (1967) examined the economic 
aspects of hurricanes in the western North Atlantic and 
related that the cost of these tropical cyclones to the 
U.S. and Canada is exceedingly great. He estimated that 
the average annual cost to the· U.S. and Canada for 
hurricanes in the 1967 era (including damage, reconnais-
sance, communications, protection, evacuation, etc.) was 
$310 million with a possible maximum annual cost of 
$2.0 billion. He estimated or projected the cost to the 
1975 era and gave a value of $410-590 million for an 
average value, with a possible maximum value of $2.7-
4.0 billion annually for a very destructive year. His 
projections were based on a slower population growth 
rate for coastal areas and a lower inflation rate than at 
present and would thus be low in estimation. Neverthe-
less, if it is assumed that a 203 improvement in forecast 
errors would decrease these costs by only 1 3 (in the 
1975 era) the cost savings would be $4.1-5.9 million for 
an average year and $27-40 million for an exceedingly 
destructive year. 
The benefits of tropical cyclone forecast improvements, 
whether in the Atlantic or the Pacific Ocean, are difficult 
to measure in terms of a pure dollar value, but it is obvi-
ous that many American interests besides DOD (and 
other nations as well) would benefit from these improve-
ments. Forecast improvements in the past decade have 
probably significantly reduced the economic losses due 
to tropical cyclones. As the coastal populations and in-
flation increase at a higher rate than in the years past, it 
becomes evident that improvements in tropical cyclone 
movement and intensity forecasting just cannot keep 
pace with, much less reduce, the level of this cost, 
Pure economics dictate the need for accelerated research 
in these areas. 
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announcements 
NSF NATO travel grants 
The National Science I<oundation plans to award interna-
tional travel grants to about 90 young U.S. scientists to 
attend some 40 North Atlantic Treaty Organization (NATO) 
Advanced Study Institutes in Europe during the summer of 
1975. The Institutes provide highly advanced instruction on 
specific topics in the physical, life, and social sciences, and in 
engineering and mathematics. Junior faculty and advanced 
graduate and postdoctoral students who are citizens of the 
United States are eligible to apply. 
Since NSF travel grants arc made only upon nomination 
by a NATO Institute Director, interest in the grants should 
be expressed to the appropriate Director, not to NSF. Gen-
eral information and a list of NATO Institutes may he 
requested from: NATO Travel Grants, Fellowships, and 
Traineeships Section, Division of Higher Education in Sci-
ence, National Science Foundation, \\'ashington, D.C. 20550 
(tel: 282-7595). 
New precipitation-frequency atlas for western U.S. 
The National ·weather Service has published a Precipitation 
Frequency Atlas of Western United States consisting of 11 
volumes covering the States of Montana, 'Wyoming, Colo-
rado, New Mexico, Idaho, Utah, Nevada, Arizona, Washing-
ton, Oregon, and California with one volume for each state. 
The work was funded by the Soil Conservation Service, U.S. 
Department of Agriculture, under the \\'atershed Protection 
and flood Prevention Act. 
The atlas shows in much greater detail than its predecessor, 
Rainfall Frequency AtTas of the United States (Weather Bu-
reau, 1961), the large variations in precipitation frequency 
regimes over the rugged mountain regions of the West. 
The basic precipitation frequency data are presented in a 
series of maps for key return periods of 6 and 24 h. Utilizing 
all available data from the western United States, relations 
have been developed that enable the user to determine values 
for all durations and return periods from 5 min to 24 h and 
from 2-100 years. 
·with the increased data it has now been possible to iso· 
late the effect of snowfall from rainfall. For the user in-
:Malone, M. J., and D. R. Leimer, 1971: Estimation of the eco-
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terested only in immediate runoff, it is possible to determine 
from the maps or from procedures outlined in the publica-
tions the amount of rainfall that would be equaled or ex-
·ceedcd at various probability levels. 
The atlas is published in looseleaf form; maps for adjoin-
ing states may be placed side by side and joined along their 
common boundary. All maps arc prepared on the same 
1: 2 000 000 scale. 
Each volume has been organized into three parts. The 
first section discusses the historical background, procedures, 
and methods used in preparing the maps and how to inter-
pret and use them. The second discusses ideas that are 
applicable only to the state considered in that volume. In-
cluded in this section are methods (nomograms and equations) 
useful for estimating precipitation-frequency values for 
durations other than 6 and 24 h. The last part contains maps 
for the 6 and 24 h durations for return periods of 2, 5, 10, 25, 
50, and 100 years. 
The prices for the individual volumes of the atlas (NOAA 
Atlas 2) are: Vol. I, Montana $8.35; II, Wyoming, $8.45; III, 
Colorado, $10.10; IV, New Mexico, $8.45; V, Idaho, $8.45; 
VI, Utah, $10.10; VII, Nevada, $8.45; VIII, Arizona, $8.35; 
IX, Washington, $8.45; X, Orego,n, $8.45; and XI, California, 
$10.30. The volumes are available from the Superintendent of 
Documents, Government Printing Office, 'Vashington, D.C. 
20402. 
Research assistantships in agricultural meteorology 
The University of Nebraska at Lincoln has announced that 
applications are invited for research assistantships in aid 
of graduate study for the M.S. and Ph.D. degrees in agri-
cultural meteorology. Meteorology, climatology, geography, 
physics, ecology, fluid dynamics, plant and soil science majors 
are encouraged to apply. Thesis research opportunities open 
in projects on turbulent transport, carbon dioxide balance, 
field photosynthesis, evapotranspiration, and drought impact 
on food production. For further information write: Norman 
]. Rosenberg, Leader, Agricultural Meteorology Section, In-
stitute of Agriculture and Natural Resources, University of 
Nebraska, Lincoln, Neb. 68503. 
(More announcements on page 371) 
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